The time scales of evolutionary and ecological studies tend to converge, due to increasing evidences 13 of contemporary evolution occurring as fast as ecological processes. This ranges new questions 14 regarding variation of characters usually considered to change mostly along the evolutionary time 15 scale, such as morphometric traits, including osteological and dental features such as mandibles and 16 teeth of mammals. Using two-dimensional geometric morphometric approach, we questioned 17 whether such features can change on a seasonal and local basis, in relation with the ecological 18 dynamics of the populations. Our model comprised populations of house mice (Mus musculus 19 domesticus) in two contrasted situations in mainland Western Europe: a feral population vs. two 20 close commensal populations. Mitochondrial DNA (D-loop) provided insight into the diversity and 21 dynamics of the populations. 22
The feral population appeared as genetically highly diversified, suggesting a possible functioning as a 23 sink in relation to the surrounding commensal populations. In contrast, commensal populations were 24 highly homogeneous from a genetic point of view, suggesting each population to be isolated. This 25 triggered morphological differentiation between neighboring farms. Seasonal differences in 26 morphometric traits (mandible size and shape and molar size and shape) were significant in both 27 settings, although seasonal variations were of larger amount in the feral than in the commensal 28 population. Seasonal variations in molar size and shape could be attributed to differential wear in 29 young or overwintered populations. Differences in mandible shape could be related to aging in 30 along their 2D outline (Fig. 1G) , sampled using the Optimas software. This sampling is sufficient to 155 document even small structures such as the coronoid process. An outline-based method was chosen 156 because reliable landmarks are difficult to position on the murine molar. The top of the cusps is 157 abraded by wear and cannot be used for assessing the position of the cusps, and landmarks 158 bracketing the cusps on the outline are difficult to position given the smooth undulation delineating 159 the cusps along the outline (Fig. 1) . Similarly, landmarks used to describe the murine mandible are all 160 placed along the outline (e.g. (Klingenberg, Mebus, & Auffray, 2003) ) and some may be difficult to 161 position when the bone is of smooth shape. 162
For the mandible, the starting point was positioned at the junction between the incisor and the bone 163 at the upper edge of the mandible. For the first upper molar, the starting point was positioned at the 164 anteriormost part of the tooth, being aligned with the direction of the maximum elongation using the 165 best-fitting ellipse to the outline (Renaud, Auffray, & Michaux, 2006) . 166
From the 64 points, 64 radii (i.e. distance of each point to the center of gravity of the outline) were 167 computed. Expressed as a function of the curvilinear distance along the outline, this set of radii 168 constituted a function that was analyzed using a Fourier analysis (Rohlf & Archie, 1984) . weighted by two Fourier coefficients (FCs) , that constitute the shape variables to be compared 174 among individuals. The zero harmonic (A0) is proportional to the size of the outline. It was used as 175 size estimator, and to standardize all other FCs so that they represent shape only. 176
The higher the rank of the harmonics, the more details they represent on the outline (Crampton, 177 1995; Rohlf & Archie, 1984) . This can be used to filter measurement error, by discarding high-order 178 harmonics (Renaud, Michaux, Jaeger, & Auffray, 1996) . This together reduces the number of 179 variables required to describe the overall morphology of an object. The shape of a mouse mandible 180 or molar tooth has been shown to be adequately described by the first seven harmonics, i.e. by 14 181 variables (Renaud et al., 2013) . 182
183

Statistical analyses of morphometric data 184
Differences between groups (sex, season, or location) were tested using analyses of variance 185 (ANOVA) and associated two-by-two Tukey tests for univariate parameters.
Shape of mandible and molar were each described by a multivariate dataset (14 FCs analysis provides an estimate of the between-to total-variance ratio, and thus how much the 194 grouping considered explains of the total variance, also including within-group variance. The bgPCA 195 also provides a representation of the group means in a corresponding morphospace. The topology of 196 the group means in this morphospace is close to the topology obtained based on a classical PCA 197 (Renaud, Dufour, et al., 2015) . 198
Relationships between morphological variables and explanatory variables (body size, seasons, and 199 wear stage) were investigated using general linear models. Multivariate analyses were performed using ade4 (Dray & Dufour, 2007) . 209
210
Results
211
Phylogenetics 212
The phylogenetic tree (Fig. 2) shows that sequences from Tourch belong to the same clade whereas 213 sequences from Frontignan are in three different ones. The genetic composition of the feral 214 population was very different from that of the two farms from Tourch, Brittany. The feral population 215 of Frontignan was highly diversified, sampling the whole genetic diversity present in this area. It 216 included 11 haplotypes, distributed in 3 different clades of our house mouse phylogeography (Fig. 2) . 217
Half of the haplotypes occurred only once. Haplotypes sampled several times often occurred at 218 different seasons (Table 1; Supplementary Table 1) . 219
In contrast, commensal populations were extremely homogeneous. Only two haplotypes, differing by 220 one insertion, were present at Kerloyou. They occurred in the three seasons. One haplotype only was 221 documented at Kerc'hoaler. It belongs to the same clade as the Kerloyou haplotypes (Fig. 2) . 222
223
Reduction of dimensionality 224
Principal component analyses were performed to summarize the shape information on few synthetic 225 axes. Separate PCA were performed for Tourch, Frontignan and Gardouch. Axes representing more 226 than 5% of variance were retained for subsequent statistical tests. 227
Regarding mandible shape, shape variation was summarized by four PC axes in the three populations 228 (Tourch: PC1 = 42.5%, PC2 = 25.9%, PC3 = 12.9%, PC4 = 7.8%; Frontignan: PC1 = 50.7%, PC2 = 18.0%, 229 PC3 = 14.5%, PC4 = 7.6%; Gardouch: PC1 = 50.6%, PC2 = 22.0%, PC3 = 9.1%, PC4 = 6.9%). 230
For molar shape, five axes represented more than 5% of variance in Tourch (PC1 = 38.7%, PC2 = 231 22.3%, PC3 = 8.6%, PC4 = 6.9%, PC5 = 6.2%) and Gardouch (PC1 = 38.9%, PC2 = 19.9%, PC3 = 12.7%, 232 PC4 = 8.4%, PC5 = 6.0%). Four axes explained more than 5% of variance in Frontignan (PC1 = 31.7%, 233 PC2 = 20.3%, PC3 = 18.4%, PC4 = 9.7%). 234
235
Sexual dimorphism 236
Sexual dimorphism was absent for most morphological parameters considered (Table 2) 
Wear pattern 244
Wear pattern can be considered as a proxy for the age of the animals. Its distribution differed 245 between seasons in the feral population from Frontignan (P < 0.001). This corresponds to adifference between the autumn population of October, dominated by relatively young animals, and 247 the spring populations composed of animals with teeth worn down, suggesting overwintered animals 248 (Fig. 3) . 249
The difference between season was not significant in the commensal population from Kerloyou (P = 250 0.068). The summer and autumn populations were mostly composed of young animals, as in 251
Frontignan, including a juvenile without the third molar erupted in August 2011. The spring 252 population included young animals together with overwintered ones. 253
The autumn to spring population of the commensal population from Gardouch appeared as 254 dominated by young animals with relatively unworn teeth. 255
256
Morphometric variations in the commensal populations from Tourch 257
Mice from the two neighboring farms of Kerloyou and Kerc'hoaler did not differ in body weight or 258 body length (Table 3 ; Fig. 4 ). In contrast, they differed in mandible and molar size and shape. This 259 corresponded to a between-to total-variance ratio of 9.0% for the mandible and 10.9% for the UM1 260 (Table 4) . 261
In Kerloyou, seasons had no impact on body weight, body length, mandible and molar size (Table 3 ; 262 Fig. 4 ). Shape differences were however significant, corresponding to differences between the two 263 well sampled populations from summer and autumn 2011 (Table 3) . The difference in shape between 264 seasons was smaller, however, than the difference between Kerloyou and Kerc'hoaler: the between-265 to total-variance ratio associated with seasons was 4.3% for mandible shape and 5.0% for molar 266 shape. 267
More than a direct effect of the season of trapping, differences between samples in Kerloyou were 268 mostly due to the size and age of the animals, as estimated by wear stage ( Body size was by far more important than wear stage in explaining mandible size; for other variables 273 however, the effect of both body size and wear stage appeared to be balanced. 274
275
Morphometric variations in the feral population from Frontignan
Mice differed between seasons in the feral population from Frontignan for body length but not for 277 body weight or mandible size (Table 3 This between-group shape variation represented 9.4% and 8.9% of the total variance for mandible 282 and molar shape respectively (Table 4 ). This range of value is thus twice what was observed for the 283 seasonal variations in Kerloyou. 284 When considering the respective role of body size, season and wear stage as explanatory variables 285 (Table 5) , wear stage appeared less important than in Kerloyou. It was significant only for body 286 weight and for molar size. Body size had a significant effect only on body weight and mandible size, 287
for which it was the most important explanatory variable. Season per se had a significant effect on 288 body weight, on which it has the most important effect, mandible size, molar size, and mandible 289 shape. 290
291
Allometric relationships in different localities 292
The allometric relationship between body length and other size-related variables (body weight, 293 mandible and molar size) was further investigated, by comparing the relations observed in the 294 commensal population from Tourch and the feral population from Frontignan to another commensal 295 population, Gardouch. 296
Body weight and mandible size varied primarily with body length, whereas molar size was only 297 differing according to the locality (Table 6) . Regarding body weight, the significant interaction term 298 between the factors body length and locality showed that the allometric relationship differed in the 299 different populations. This is due to the fact that in Frontignan, some spring specimens tended to 300 exhibit a body weight much less than expected based on their large body length ( 
Patterns of shape differentiation 307
The shape variation related to seasonal differences in the commensal Tourch and feral Frontignan 308 populations was compared to variation occurring between several mainland localities (Fig. 6) . By 309 including a larger geographic sampling, the between-group to total-variance ratio reached a higher 310 value (17.3% for mandible shape and 22.1% for molar shape) than considering seasonal variation in 311
Frontignan or local variation in Tourch, both twice as important as the seasonal variation in Tourch 312 (Table 4) . 313
For the mandible (Fig. 6A) , the different samples from Tourch were clustered on the first principal 314 plane defined by bgPC1 and bgPC2, and slightly divergent from the other mainland localities. The 315 autumn sample of Frontignan (October 2009) was close to the other mainland groups, and especially 316 from the neighboring population of Montpellier, whereas the two spring samples of Frontignan 317 diverged along mostly bgPC2. Considering the residuals of the shape variables vs. mandible size, thus 318 correcting for allometric variation, did not change this pattern and even increased the percentage of 319 bgPC2 along which the seasons of Frontignan are differentiated (Supp. Fig. 1A ). 320
Regarding molar shape, seasonal differences did not emerge on the first principal plane (Fig. 6B) . 321
Seasonal samples from Frontignan were clustered on one side of bgPC1 whereas seasonal samples 322 from Kerloyou were clustered together on the other side of bgPC1, close to one Northern Italian 323 locality (San Bernardino, IT-SBER). Molars from Kerc'hoaler were further divergent along bgPC1. 324
Other mainland localities represented a cloud of variation towards the center of the first principal 325 plane. Here again, correcting for molar size did not change the pattern of differentiation (Supp. Fig.  326 
1B). 327 328
Seasonal and local differences compared to a random model of inter-locality variation 329
Euclidean distances in size and shape between seasons in Kerloyou and Frontignan, and between the 330 localities Kerloyou, Kerc'hoaler, Frontignan and Gardouch, were compared to random populations 331 generated from Western European populations (Renaud et al., 2013) . 332
Seasonal variations in Frontignan overall produced higher morphological distances than seasonal 333 variations in Kerloyou (Fig. 7) . The distances related to seasonal variations remained in the range of 334 distances expected between randomly simulated European localities. 335
Distances between localities reached higher values than those due to seasonality. For the four cases 336 considered (mandible size and shape, molar size and shape), some distances between the localities 337 of the present studies were in the upper range of the distances expected between random Europeanlocalities (Fig. 7) . For molar size and shape, some observed distances outreached the simulated ones. 339
The neighboring farms of Kerloyou and Kerc'hoaler were differentiated by morphological distances 340 as high as observed between remote places such as Gardouch and Frontignan or Tourch, but except 341 for molar size, they were within the range of the simulated distances, and hence congruent with a 342 random differentiation. In contrast, the feral population in Frontignan was diversified (11 haplotypes, haplotype diversity Hd 359 = 0.90; nucleotide diversity Pi = 0.0078), sampling the variety of distant haplogroups present in the 360 surrounding region. This suggests that this feral population may be a sink population regularly fueled 361 by immigration of the surrounding areas. Such gene flow may be a factor counterbalancing local 362 adaption to this peculiar environment (Lenormand, 2002) . 363 364
Wear stage and body size as hint about the ecology of feral vs commensal populations 365
Tooth wear has been proposed as the most reliable morphological trait to estimate age in the house 366 mouse (Lidicker 1966 ). It provided a rough proxy for the age structure of the populations. Seasonality 367 in age structure was more pronounced in the feral population of Frontignan than in the commensal 368 population of Kerloyou. This is in agreement with the fact that feral populations are known to display with heavily worn teeth, pointing to overwintered animals. Accordingly, they reached a high body 385 length but they displayed relatively light weight (Fig. 4) could nevertheless be due to a more important frequency of old animals with worn teeth in spring 400 than autumn, since advanced wear can affect the outline of the tooth (Renaud, 2005) . 401
In contrast, mandible grows and remodels throughout the life of an animal. We evidenced a strong 402 relationship between body size and mandible size, similar at all places (Fig. 4) . This result apparently 403 contradicts the observation that the growth of the mandible, and the associated changes in shape, 404 are asymptotic. Mandible size has been shown to reach ~95% of its final size at an age close to 405 weaning, and ~95% of its final shape at post-natal day 35 (Swiderski & Zelditch, 2013) . Possibly, both 406 body length and mandible grow at a similar pace, reaching at the same age the point when they slow 407 down their growth. 408
The fact that the same relationship between body size and mandible size was observed in the feral 409 Kerloyou supports the facts that these variations are mostly due to an impact of wear on the shape 421 of the outline. Even positioned relatively low down the crown, this outline is affected by heavy wear 422 (Renaud, 2005) , as mentioned for molar size. This contrasts with results found for arvicoline molars, 423 for which seasonal variations were found as important, or even more important than large scale 424 geographic variations (Guérécheau et al., 2010). This different sensitivity is related to differences in 425 tooth shape and way to measure it: for arvicoline rodents, measurements of tooth shape are done 426 on the occlusal plane, and thus at the top of the crown, a place heavily influenced by wear. In mice, 427 the seasonal shape differences remained of small amount compared to observed and simulated 428 differences between populations. Seasonal variations are thus unlikely to obscure geographic 429 variation, in the case of biogeographic studies. 430
Seasonal variations also influenced mandible shape. This was the case in the feral population of 431
Frontignan but also in the commensal population of Kerloyou. In Kerloyou, this difference was mostly 432 related to body size and wear stage, suggesting that it may be related to aging in mandible shape. InFrontignan, however, season was an important factor, and seasonal variations represented a higher 434 proportion of the total variance than in Kerloyou. Possibly, in Frontignan, differences in mandible 435 shape may trace a change in the resources exploited in the different season, leading to a differential 436 plastic remodeling of the mandible (Anderson et al., 2014). These shape changes across season were 437 of the same magnitude than observed difference between populations (Fig. 7) . This corresponded to 438 a clear shift between autumn and spring populations of Frontignan in the morphospace including the 439 mainland localities of comparison (Fig. 6 ). This suggests that mandible shape may trace fine-scale 440 ecological variations, and that such variations may interfere with evidences of geographic variations. shape between neighboring farms. Thus, morphometric traits may have the potential to trace small-504 scale processes of differentiation. Further small-scale studies would be required to better assess the 505 processes involved in seasonal variations, but also in differences in way of life, such as feral vs. 506 commensal populations. Such studies would provide a precious background for interpreting 507 morphometric differences related to invasive processes and response to changing environment, as 508 recently evidenced in insular populations (Renaud et al. 2015) . On the other hand, differentiation 509 related to seasonality remained overall of smaller amount than biogeographic differences. This is 510 reinsuring for biogeographic studies, supporting the assumption of seasonal variations to be 511 negligible with regards to geographic variations, an assumption commonly done in part due to the 512 pragmatic fact that a broad geographical coverage cannot be designed with repeated sampling over 513 Table 6 . Allometric relationships between body length (head + body length, HBL) and weight, 691 mandible (Md) and molar (UMA) size in the three populations of Tourch, Frontignan and Gardouch. A 692 linear model including body length, locality and interaction was used to investigate differences in 693 allometric relationships between the three populations. The percentage of variance (%) explained by 694 body length, locality, and interaction is provided, together with the associated probability (P). In 695 italics P < 0.05, in bold P < 0.01. 696 
